Introduction {#S0001}
============

Fluoride is the most effective agent used in controlling dental caries \[[@CIT0001]\]. The mechanisms of action of fluoride include a decrease in demineralization and a corresponding enhancement of remineralization of dental hard tissues \[[@CIT0002]\]. However, a third well-documented mechanism involves the antimicrobial properties of fluoride against cariogenic bacteria \[[@CIT0003],[@CIT0004]\]. This mode of action of fluoride is considered somewhat less relevant from a clinical point of view \[[@CIT0002]\]. However, the understanding of the effect of fluoride against oral bacteria is an important goal in understanding the complex processes that take place in the oral cavity. Several mechanisms have been suggested for the antibacterial action of fluoride, including inhibition of bacterial enzymes such as enolase \[[@CIT0005]--[@CIT0007]\] and the reduction of the production of intracellular and extracellular polysaccharides (EPS) \[[@CIT0008],[@CIT0009]\]. However, bacteria can develop tolerance to the effect of fluoride, as described recently by Liao et al. \[[@CIT0010]\].

Among the cariogenic bacteria, *Streptococcus mutans* is considered the main culprit \[[@CIT0011]\]. Numerous strains of this microorganism have been isolated \[[@CIT0012]\], and the growth susceptibility of these strains to antimicrobial agents, including fluoride, varies \[[@CIT0013]--[@CIT0016]\]. Furthermore, the effect of fluoride concentrations corresponding to various commonly used oral-health products on S. *mutans* strains might be of direct clinical relevance, especially in patients with a high risk of caries. These individuals are encouraged to use multiple forms of oral-care products that contain different concentrations of fluoride. To the authors' knowledge, the effect of fluoride concentrations corresponding to different oral-care products has not been explored previously. It was hypothesized that different *S. mutans* strains would have different susceptibilities to fluoride. Thus, the main objective of this experiment was to investigate the effect of different fluoride concentrations, including levels corresponding to specific dental products, on the biofilm formation and metabolic activity *in vitro* of seven strains of *S. mutans*.

Materials and methods {#S0002}
=====================

Bacterial strains and media {#S0002-S2001}
---------------------------

Seven *S. mutans* strains -- UA159 (American Type Culture Collection \[ATCC\] 700610), UA130 (ATCC 700611), 10449 (ATCC 25175), A32-2 (isolated in this lab) \[[@CIT0017]\], NG8 (serotype *c*), LM7 (serotype *e*), and OMZ175 (serotype *f*) -- were used in this study. Mitis Salivarius Sucrose Bacitracin agar plates were used to grow the strains initially, and tryptic soy broth with 1% sucrose (TSBS; Difco Laboratories, Detroit, MI) was used as the main culture medium. Growth conditions were set at 5% CO~2~ and 37°C unless otherwise stated.

Fluoride concentrations {#S0002-S2002}
-----------------------

Different concentrations of sodium fluoride (NaF) were added to the TSBS broth in order to achieve the desired levels of fluoride within the culture medium. The fluoride concentrations used in this experiment were 5,500 (similar to the fluoride content in dental varnish after a 1:3 dilution), 2,250 (fluoride content in topical dental gel after a 1:3 dilution), 1,250 (fluoride content in prescription toothpaste after a 1:3 dilution), 625, 275 (fluoride content in regular toothpaste after a 1:3 dilution), 225 (fluoride content in mouth rinse after a 1:3 dilution), 175, and 125 ppm. Additional fluoride levels (100, 50, 25, 12.5, 6.25, 3.13, and 1.56 ppm) were obtained by serial dilution in deionized water. The 1:3 dilution has been used previously to simulate concentrations of oral products when applied in the oral cavity \[[@CIT0018],[@CIT0019]\]. In addition, to represent the recommended fluoride level for caries prevention in drinking water, a 1.0 ppm fluoride concentration was prepared. Also, 0.12% chlorhexidine (CHX) and 0 ppm fluoride were used as positive and negative controls, respectively.

Biofilm assay {#S0002-S2003}
-------------

Sterile 96-well flat-bottom polystyrene microtiter plates (Fisher Scientific, Pittsburgh, PA) were utilized. In each well, 290 µL of TSBS containing the mentioned fluoride concentrations was placed in triplicates followed by inoculation with 10 µL of *S. mutans* (corresponding to an inoculum size of 10^4^ cells/well) from an overnight TSBS culture. Wells without bacteria received 300 µL of TSBS. Each *S. mutans* strain had its own microtiter plate with specific controls (TSBS alone and TSBS supplemented with 0.12% CHX). The microtiter plates were incubated for 24 h at 37°C in 5% CO~2~ without agitation.

After incubation, planktonic bacteria were removed by pipetting. The wells were gently washed twice with saline, and the biofilms in the microtiter plates were fixed by adding 100 µL of a 10% formaldehyde solution before being left overnight at room temperature. The formaldehyde was removed from the wells. The wells were then washed twice, and 100 µL of 0.1% crystal violet was added. The plates were kept at room temperature for 1 h \[[@CIT0020],[@CIT0021]\]. The crystal violet solution was removed, and the wells were washed three times before 250 µL of undiluted isopropanol was placed in each well for 1 h to release the crystal violet. The absorbance of each well was read at 490 nm using a spectrophotometer (Molecular Devices, Inc., Sunnyvale, CA) with isopropanol as the blank.

Scanning electron microscopy {#S0002-S2004}
----------------------------

For qualitative examination of the formed biofilms, sterile microscopic slides with four wells (Lab-Tek Chamber slides; Thermo Fisher Scientific, Rochester, NY) were used to grow bacterial biofilms from the seven *S. mutans* strains by placing 680 µL of TSBS containing 0, 50, and 100 ppm of fluoride on the surface of the slide and inoculating with 20 µL of an overnight bacterial culture. Slides were incubated in a humid chamber for 24 h at 5% CO~2~ and 37°C. After incubation, the medium was removed and the biofilms gently washed twice in saline. Then, 700 µL of 1% glutaraldehyde solution was added and left overnight. To prepare for imaging, wells were washed for 5 min with deionized water (700 µL) and dehydrated using serial ethanol washes. Next, hexamethyldisilazane (HMDS) solution was added for 15 min, and the slides were placed in a desiccator for 3 days. After desiccation, slides were mounted on aluminum stubs with carbon tape, and their sides were painted with conductive colloidal silver paint. The samples were analyzed under high vacuum with 20 kV of accelerating voltage at a working distance of 10 mm (JEOL 5310 LV, Japan) at 1,000, 3,000, and 7,000× magnification. Three microscopic fields/slide were examined.

Determination of bacterial metabolic activity {#S0002-S2005}
---------------------------------------------

To investigate the effect of different fluoride concentrations up to 100 ppm on viable sessile cells, a sodium 3ʹ-\[1-\[(phenylamino)-carbonyl\]-3,4-tetrazolium\]-bis(4-methoxy-6-nitro) benzene-sulfonic acid hydrate (XTT) assay was utilized \[[@CIT0022]\]. Biofilms from the seven *S. mutans* strains were allowed to form in 96-well microtiter plates for 24 h by adding 10 µL of overnight cultures to 290 µL of 1% TSBS and incubating in 5% CO~2~ at 37°C. Biofilms were washed three times with sterile 0.9% NaCl to remove nonadherent cells, and 300 µL of each fluoride concentration in TSBS, TSBS control, or TSBS containing 0.12% CHX was added to designated wells (in triplicates) and incubated at 37°C for 24 h. After incubation, the treated biofilms were washed three times, and the metabolic activity of the biofilms was determined by the addition of XTT solution. After 2 h of incubation at room temperature in the dark, XTT solution was transferred into a new microtiter plate, and the absorbance at 490 nm was determined.

Statistical tests {#S0002-S2006}
-----------------

All experiments were conducted three times. Absorbance values from biofilm and metabolic activity assays were compared using a univariate model. Further, for each fluoride level, one-way analysis of variance followed by Tukey's *post hoc* test was done at a 0.05 significance level. Inter- and intra-strain comparisons were also conducted. All tests were done using SPSS Statistics for Windows v16.0 statistical software (SPSS, Inc., Chicago, IL).

Results {#S0003}
=======

Biofilm formation {#S0003-S2001}
-----------------

There was a clear visual difference in the amount of biofilm formed by each strain in the control wells without fluoride. Overall, the amount of biofilm produced by OMZ175 without fluoride was significantly less compared to the other strains. CHX at 0.12% significantly inhibited biofilm formation of all seven strains. Quantitatively, three distinct patterns between the various strains treated with different fluoride concentrations were recorded ([Figure 1](#F0001){ref-type="fig"}). The first group of strains (group A; UA159, A32-2, NG-8, and 10449) demonstrated high biofilm absorbance values in fluoride concentrations up to 6.25 ppm. Then, a gradual decline was noted as the fluoride content within the culture medium increased. At 100 ppm, a marked decrease in biofilm absorbance was recorded until the values approached 0 between 125 and 175 ppm. The second group of strains (group B; UA130 and LM7) exhibited a lower overall biofilm mass compared to strains in group A and remained relatively unaffected by increased fluoride concentrations up to 25 ppm. However, at 50 ppm, a sudden decrease in biofilm was recorded. The last group containing only OMZ175 strain (group C) demonstrated the lowest biofilm absorbance values until reaching 0 at the 25 ppm fluoride level.Figure 1.Biofilm absorbance values for seven *Streptococcus mutans* strains grown at different fluoride concentrations. Each data point represents the mean of triplicates from three independent experiments. Data points were connected for illustrative purposes only.

To make statistical testing more manageable and to indicate distinct differences between the tested strains, detailed biofilm results and discussion for five fluoride levels (0, 1, 12.5, 50, and 100 ppm) are presented. [Figure 2](#F0002){ref-type="fig"} exhibits biofilm absorbance values with statistical comparisons between the seven strains at the above-mentioned fluoride concentrations. A relatively similar statistical pattern to the one mentioned above can be observed. Statistical testing with strains from group A mostly associated with significantly higher (*p *\< 0.05) absorbance values compared to strains from groups B and C. Overall, values for A32-2 and NG8 were consistently higher compared to all other strains. On the other hand, OMZ175 was consistently the lowest.Figure 2.Statistical comparisons of the biofilm absorbance values from seven *S. mutans* strains grown at 0, 1, 12.5, 50, and 100 ppm of sodium fluoride. Groups with different letters are statistically different (*p *≤ 0.05).

Scanning electron microscopy {#S0003-S2002}
----------------------------

[Figure 3](#F0003){ref-type="fig"} presents selected scanning electron microscope (SEM) images at 0, 50, and 100 ppm concentrations at a 3,000× magnification. Biofilm cells were clearly distinguishable from extracellular polysaccharide (EPS) in these images. At 0 ppm, group A strains, along with LM7, demonstrated the highest aggregation of EPS. At 50 ppm, there was a reduction in the amount of EPS, especially in group B and C strains. That reduction was more pronounced at the 100 ppm level, with UA159, UA130, and OMZ175 exhibiting almost no EPS production. However, A32-2 and NG8 were still able to produce some EPS at that fluoride level.Figure 3.Scanning electron microscope images of biofilms from seven *S. mutans* strains grown at 0, 50, and 100 ppm of fluoride at 3,000× magnification (size marker equals 5 µm).

Bacterial metabolic activity {#S0003-S2003}
----------------------------

[Table 1](#T0001){ref-type="table"} indicates the results of statistical comparisons for the metabolic activity assay. Overall, bacterial metabolic activity increased with increased fluoride concentrations, except for UA159 and OMZ175. A32-2 and NG8 were associated with higher metabolic activity values, especially at 50 and 100 ppm fluoride levels.Table 1.Mean absorbance values of metabolic activity of the seven *Streptococcus mutans* strains grown at 0, 1, 12.5, 50, and 100 ppm of sodium fluoride and 0.12% chlorhexidine (CHX)StrainCHX0 ppm1 ppm12.5 ppm50 ppm100 ppmUA1590.04 (0.01)^A/a^0.13 (0.01)^B/a^0.12 (0.02)^B,D/a^0.09 (0.01)^C/a^0.10 (0.01)^C,D/a^0.11 (0.01)^B,C,D/a^A32-20.05 (0.01)^A/a,b^0.09 (0.02)^B/a,b^0.13 (0.01)^B,C/a,b^0.13 (0.01)^B,C/a,b^0.16 (0.01)^B,C/a^0.18 (0.02)^C/a,b^NG80.11 (0.08)^A/c^0.08 (0.1)^A/a,b^0.13 (0.02)^A,C/a,b^0.13 (0.02)^A,C/a,b^0.16 (0.01)^B,C/a^0.23 (0.05)^B/b^104490.03 (0.01)^A/a^0.03 (0.01)^A/a,b^0.14 (0.02)^B/a,b^0.15 (0.02)^B/a,b^0.12 (0.02)^B/a^0.13 (0.01)^B/a,c^UA1300.01 (0.01)^A/a^0.07 (0.01)^B/a,b^0.10 (0.01)^B/a^0.08 (0.01)^B/a^0.14 (0.09)^B/a^0.16 (0.12)^B/a,b,c^LM70.08 (0.01)^A/a,c^0.01 (0.01)^B/b^0.11 (0.02)^A/a^0.14 (0.02)^A/a,b^0.11 (0.01)^A/a^0.13 (0.01)^A/a,c^OMZ1750.02 (0.01)^A/a^0.12 (0.08)^B,C/a,b^0.16 (0.04)^B,C/b^0.20 (0.07)^B/b^0.00 (0.03)^A,B/a^0.00 (0.04)^A,B/c^[^1]

Discussion {#S0004}
==========

Fluoride is one of the most important agents for controlling dental caries \[[@CIT0023]\]. Although the reported mechanism of action of fluoride to reduce dental caries is mainly by increasing mineral uptake by enamel and decreasing demineralization \[[@CIT0002]\], a third mode of action is by affecting bacterial metabolism \[[@CIT0003],[@CIT0024]--[@CIT0026]\]. The main objective of this study was to investigate the effect of different fluoride concentrations, corresponding to different oral-care products, on the metabolic activity and biofilm formation of seven strains of *S. mutans*. The concentrations tested were based on a 1:3 dilution that has been used previously \[[@CIT0019]\].

The effect of fluoride against cariogenic bacteria could be attributed to the inhibition of bacterial metabolic enzymes, such as enolase, that decreases sucrose metabolism by affecting phosphoenolpyruvate (PEP) levels \[[@CIT0026]\]. This will deprive the cell from glucose and can affect its metabolic activity, growth, and multiplication \[[@CIT0005]\]. Subramaniam and Nandan observed a significant reduction in *S. mutans* colony counts when they administered a mouth rinse containing a combination of fluoride, xylitol, and triclosan \[[@CIT0006]\]. This effect was further demonstrated in this study where biofilm synthesis of all strains was greatly reduced at 100 ppm ([Figure 3](#F0003){ref-type="fig"}) and was almost nonexistent at concentrations \>225 ppm, which is the level of an over-the-counter fluoride rinse ([Figure 1](#F0001){ref-type="fig"}). However, the strains used by Subramaniam and Nandan were different from the ones used in the current investigation. Still, the current findings are in agreement with results by Maltz and Emilson \[[@CIT0027]\] that reported a bactericidal effect of NaF salts at high concentrations (12,500 ppm), even though the effect recorded in the present study was in relation to 5,500 ppm representing a fluoride varnish.

Another mechanism of fluoride is through inhibition of ATPase production causing intracellular cytoplasmic acidification *via* the inhibition of proton outflux from the bacterial cell \[[@CIT0026],[@CIT0028]\]. This will lead to inhibition of acid production and limit the pH drop within bacterial biofilms \[[@CIT0025]\]. In an experiment to investigate the effect of NaF on acid production by *S. mutans* \[[@CIT0007]\], investigators found that 50 ppm of NaF almost totally inhibited the pH drop within the medium, and some effect was observed in concentrations as low as 6.25 ppm. Furthermore, rinsing with a NaF solution demonstrated a significant decrease in pH drop in clinical trials \[[@CIT0029],[@CIT0030]\]. In one clinical study, there was a significant difference in acid production in biofilms from children in areas with a 1.8 ppm fluoride level in the water supply compared to areas with a 1.0 ppm level \[[@CIT0007]\].

A third suggested antimicrobial mechanism is *via* the fluoride effect on the production of intracellular polysaccharide \[[@CIT0031]\] and EPS \[[@CIT0008]\]. Sodium fluoride at a concentration of 70 ppm affected the amount of EPS produced, as well as changed the composition of the polymer. Although the fluoride concentrations used may appear high, they were diluted concentrations based on actual fluoride concentrations found in commercial products. Bowen and Hewitt \[[@CIT0008]\] suggest that high concentrations of ionic fluoride could occur in plaque biofilm after topical application of fluoride-containing products that could potentially affect the cariogenicity of the biofilm. A recent study indicated that fluoride at low concentrations was able to decrease the secretion of glucosyltransfrase, consequently reducing EPS synthesis \[[@CIT0009]\]. The present results are in agreement with these findings, and SEM images demonstrated a marked decrease in EPS production as fluoride concentration increased. However, the amount of baseline EPS was visually different between the different strains. Group A strains exhibited the largest amount of polymer production. However, within this group, some strains (UA159 and 10449) were more sensitive to increased fluoride levels, and their EPS production was more affected compared to others within the same group (A32-2 and NG8).

Since it has been confirmed that fluoride levels in biofilms after exposure to topical products are elevated \[[@CIT0029],[@CIT0032],[@CIT0033]\], the rationale was to test different levels of NaF concentrations, some of them corresponding to the diluted levels after the use of oral-care products. Toothpaste-slurry mixtures could contain concentrations up to 250 ppm of NaF after brushing that taper to slightly higher than baseline 60 min after brushing \[[@CIT0034]\]. This is the case with toothpastes that contain concentrations up to 1,500 ppm of NaF. However, a 22,500 ppm--containing fluoride varnish should contain a higher fluoride level. Basically, higher concentrations (625--5,500) were used to simulate these conditions. At these levels, the amount of biofilm production was almost non-existent. As mentioned previously, a bactericidal effect of NaF salt was earlier observed at 12,500 ppm \[[@CIT0027]\]. Results from the metabolic activity assay indicated a less predictable pattern, however, with some strains demonstrating an increase in bioactivity while others exhibited a reduction ([Table 1](#T0001){ref-type="table"}). A similar pattern was observed in a previous study where UA159 exhibited increased metabolic activity at high concentrations (sub-MBC) of nicotine owing to tolerance to the chemical \[[@CIT0021]\]. Nevertheless, inherent tolerance to antimicrobials was observed in these data, with NG8 demonstrating the highest tolerance to fluoride and CHX. OMZ175 exhibited very low tolerance to fluoride, and all strains responded significantly more to CHX compared to fluoride, indicating much lower antibacterial properties for fluoride.

For this study, a mix of reference strains and clinical isolates were chosen based on serotypes. Some of these strains (UA159, A32-2, and NG8) were isolated from individuals at high risk of caries, and one of these strains (A32-2) was isolated in the authors' lab. Overall, the OMZ175 strain demonstrated the least amount of biofilm formation, corresponding with the lowest levels of ESP production at 100 ppm. Although UA130 and LM7 exhibited more cellular quantities relative to OMZ175, their potential cariogenicity could not be compared to group A strains that were associated with both a higher number of cells and amount of extracellular matrix formation. Future investigations aiming to test the effect of fluoride on *S. mutans* virulence should use strains from group A, since they are more resistant to NaF salts.

In summary, fluoride levels owing to diluted oral-care products (5,500--225 ppm fluoride) were able to inhibit biofilm formation *in vitro*. Inhibition of biofilm production and metabolic activity at lower concentrations were dependent on the strain of bacteria. The fluoride concentration in drinking water (1.0 ppm) showed some effect on group B and C strains.

Understanding the physiological differences between cariogenic strains of *S. mutans* is very important in developing individualized strategies for clinical practice, since it was previously reported that differences in *S. mutans* strains were linked to patients' caries activity \[[@CIT0035]\]. Knowledge of differences between *S. mutans* strains could help deliver a more tailored treatment plan based on the particular organism present in a specific patient. For example, more fluoride resistant strains such as NG8 and A32-2 require a more potent approach, since these strains are able to produce EPS even at high fluoride levels. Furthermore, determining the sensitivity of different strains of *S. mutans* to oral agents will allow a more complete understanding of their biological processes.
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[^1]: Different uppercase letters indicate significant differences (*p *\< 0.05) at different fluoride concentrations within a particular strain. Different lowercase letters indicate significant differences (*p *\< 0.05) between strains at a particular fluoride concentration. Standard deviations are shown in parentheses.
